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Uncorrelated and correlated nanoscale lattice distortions in the paramagnetic phase
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Neutron scattering measurements on a magnetoresistive mangagit€dag 4551y 559 2sMNO3z show that
uncorrelated dynamic polaronic latice distortions are present in both the orthorh@@hkand rhombohedral
(R) paramagnetic phases. The uncorrelated distortions do not exhibit any significant anomalyCaiRthe
transition. Thus, both the paramagnetic phases are inhomogeneous on the nanometer scale, as confirmed further
by strong damping of the acoustic phonons and by the anomalous Debye—Waller factors in these phases. In
contrast, recent x-ray measurements and our neutron data show that polaronic correlations are present only in
the O phase. In optimally doped manganites, tRephase is metallic, while th€® paramagnetic state is
insulating(or semiconducting These measurements therefore strongly suggest that the correlated lattice dis-
tortions are primarily responsible for the insulating character of the paramagnetic state in magnetoresistive

manganites.
DOI: 10.1103/PhysRevB.70.214424 PACS nuni®er71.38.Ht, 71.30+h, 72.10.Di
I. INTRODUCTION Structural correlations attributed to such an interaction have

indeed been observed in neutron and x-ray diffraction experi-

Transition metal oxides exhibit a number of unusual phe-ments in a broad range of doping levels €.2<0.58°
nomena, such as high-temperature superconductivity, colo§hese correlations are very short range, with a correlation
sal magnetoresistan¢€MR), and phases possessing chargelength of several lattice constants0-30 A). It was pro-
or orbital order. In many of these cases, competition betweeposed that the correlated regions exhibit CE type and striped
various magnetic and electronic ground states gives rise toharge and orbital ordered structures similar to those found
electronically inhomogeneous states, with characteristitn manganites possessing long-range charge and orbital
length scales varying from microns to nanomefefBhe  order’ However, some recent experiments are inconsistent
physical properties of these states are often sensitive to smallith this simple modet? and the detailed structure of the
changes in the external conditions, such as an applied magorrelated regions has not been established thus far.
netic field or pressure, thus giving rise to a number of the Both correlated and uncorrelated polaronic distortions are
“colossal” effects. One of the best known examples of suctbelieved to affect the transport properties of CMR
an effect is the CMR effect in perovskite manganitesmanganites.In particular, these distortions have been asso-
A,B.MnO;.2 In these compounds, application of a mag-ciated with the enhanced electrical resistivity of the Pl state
netic field induces a transition from a paramagnetic insulatin orthorhombic manganites. It was found that the polaronic
ing (PI) to a ferromagnetic metallicFM) state. The large distortions disappear on the transition from the Pl to the FM
difference between the resistivities of these two phases lies atate, which can be induced either by decreasing temperature
the heart of the CMR effect. The metallic nature of the FMor by an applied magnetic field. However, the specific roles
phase has been explained within the framework of thedf the correlated and uncorrelated distortions in the PI state
double-exchange mechanisrithe physical properties of the have not been determined thus far.
PI state, however, still remain poorly understood. To study these roles, one needs to compare paramagnetic

It is now well established that nanoscale inhomogeneitiephases with and without polaronic correlations, preferably in
resulting from electron-lattice coupling play a key role in thethe same sample. An elegant way to carry out such a study is
PI state in manganitésThere is a significant amount of ex- made possible by the fact that the paramagnetic state in
perimental evidence that small lattice polarons are present i@MR manganites exhibits two different pseudocubic perov-
this state¢’~” In a simplified model, a lattice polaron forms skite structures: an orthorhombi©) and a rhombohedral
when ane, electron localizes on a M ion, and the sur- (R) phase:''*2The MnQ; octahedra in th@© phase are dis-
rounding oxygen octahedron distorts due to the Jahn-Telletorted, and this distortion is usually explained by electron-
(JT) effect. Mrf* ions, which contain three localizetielec-  lattice coupling via the Jahn-Teller effect. The MpGxta-
trons in thet,q orbitals, are JT inactive, and MiOg octahe-  hedra in the average structure of tRephase determined by
dra remain undistorted. In the vicinity of the “optimal” dop- powder diffraction, on the other hand, are undistotfed.
ing x=0.3, at which the CMR effect is large, the nominal There is evidence, however, that dynamic JT distortions are
concentrations of the M and Mrf* ions (1-x andx, re-  still present in theR phase’1213Interestingly, polaronic cor-
spectively are comparable. Thus, it is natural to expect thatrelations have been found thus far only in the orthorhombic
at these dopings the polarons will interact with each othePI phasé? Therefore, a sample exhibiting &R transition
through their overlapping long-range lattice distortions.in the paramagnetic state provides an ideal system for inves-

1098-0121/2004/7Q@1)/2144248)/$22.50 214424-1 ©2004 The American Physical Society



KIRYUKHIN et al. PHYSICAL REVIEW B 70, 214424(2004)

tigation of effects of polaronic correlations on various physi- 5.53 ' ' ' —) 236
cal properties. <3521

In this work, we investigate properties of correlated 2551} MM 12 <
and uncorrelated polaronic distortions in £ 5.50¢ V] 234 g
Lag 75(Cay 4551 590 29MNO3 using elastic and inelastic neu- Ssu49} ;
tron scattering. This compound undergoesCaR transition é 5.48 | | 233~"“
within the paramagnetic state. We find that uncorrelated po- 3547} T T
laronic distortions are present in both tBeandR insulating 5.46 b, /{2 . S Y 7Y
phases. These distortions are dynafgigasielastigwith the 0 100 ﬁO((]K) 300 400
characteristic lifetimer,~120 fs, and do not show any sig-
nificant anomaly at th©-R transition temperaturé,. Single FIG. 1. Temperature dependence of the lattice parameters and

polarons, therefore, do not appear to play any significant rol@nit cell volume in Lg 75Cé& 455.59)0.29MNOz. The unit cell vol-
in this transition. The polaronic correlations exhibit a signifi- ume in theR phase(T=400 K) is multipled by two.

cantly larger lifetimer,> 600 fs. According to recent x-ray

measurements, these correlations are present only i®the lll. RESULTS

phase, and disappear abruptly &;!° Since structural
changes afs are small, we argue that the drop in the elec- ) ) )
trical resistivity at theD-R transition can be explained by the ~ AS shown in the next section, general crystallographic
disappearance of the slowly fluctuating polaronic correladata are needed to understand the results of the experiments
tions. At doping levels near the optimal level 0% 0.3, the with single crystals. Therefore, we first discuss the
paramagneti® phase is usually described as metallic, whiletemperature-dependent parameters of the average structure
the O state is insulating or semiconducting. Thus, our datgPbtained in the powder diffraction experiments. Figure 1
strongly suggest that the correlated lattice distortions playhows temperature dependence of the lattice parameters and
the primary role in the microscopic mechanism explaining®f the unit cell volume. The observed anomalyTatis con-

the insulating character of the paramagnetic state in the CMRiStent with previously reported resuftsin Fig. 2, tempera-
manganites. ture parameters for the apical oxygen atorilOand the

in-plane oxygens @) are shown'see the inset in Fig. 2 for

the explanation of this notatipnin a perfect crystal, these
Il. EXPERIMENTAL PROCEDURES parameters reflect thermal vibrations of the atoms, and there-
fore grow with temperature. However, it is well known that
in CMR manganites, the observed temperature dependence
of the temperature parameters cannot be accounted for by the

A. Powder diffraction

A single crystal of Lg 75 Cay 4551 550 29MNO3 was grown
using the floating zone technigue. Polycrystalline
Lag 75 Cay 455l 590 29MNO3 was prepared using standard

0@) ' ' %

solid-state reaction techniques. With increasing temperature, 0.025

Lag 75(Cay 45515 550.29MIN0O5 undergoes two transitions: first a - 3

FM to orthorhombic P! transition aF,~300 K, and then a __ b0 1

structural transition to a paramagnetic rhombohedral state at =< 0,015 ‘\a_b 53 ] /i

T,=~ 360 K. The electrical resistivity shows an abrupt drop of = 5 /%/i

approximately 20% at the first-ord@-R transition° 010 g,,//’-./i—ﬂ Lz
Neutron scattering measurements were performed using 0.005

the BT-2 thermal triple-axis spectrometer at the National In- o(1)

stitute of Standards and Technolo@yIST) center for neu- 0 02) o y 3

tron research. 6640'-S-40-80" collimation and fixed final 0.025 o Uy

energies of 14.8 meV (inelastic measurements and 0.020 | & Uss 4

30.5 meV(elastic measurementwere used. PG filters were By o 55 &

used when appropriate to suppress higher-order wavelength = 0.015 s ¢ Vi‘/ﬁ

contamination. Powder diffraction measurements were per- > o010t T, i ]

formed using the BT-1 powder diffractometer. A @1 ﬁ./: a® 4

monochromator\=1.54032) A and 18-20'-S-7' collima- 0.0051 4 T, T

tion were utilized. The samples were mounted in a closed- 0 - ; y 4

cycle refrigerato(30—400 K. Crystal structure refinements 0 108 %08() 00 400

were carried out using thesas programt* Refinements with

!sotrop!c temperature parameters for all atoms, and wrgh an- FG. 2. IsotropioUss,) and anisotropi¢U;) temperature param-
isotropic parameters for oxygens were_perf_orme_d. In this paaters for the apical oxygen (© and the in-plane oxygens (9.

per, we use the orthorhombRbnmnotation, in which the,  The anisotropic parametett; represent the major axes of the ther-
b, andc axes run along th€¢1,1,0, (1,-1,0, and(0,0,) mal ellipsoids, as discussed in the text. The inset shows projections
cubic perovskite directions, respectively. Scattering vectorsf the oxygen thermal ellipsoids in a Mg@ctahedron on thab
(h,k,I) are given in reciprocal lattice units. plane in theO phase aff=340 K.
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lattice expansiod?1® According to the phenomenological 900 -
model discussed in Ref. 15, the Debye—Waller facWis a - N ¥;§88 E
nonanomalous crystal are related to volume by E 700} o T=400 K -
W(To) /W(T) =[V(To)/V(TY 7. Here W(aQ)=((q-u)?)/2, £
(u?) is the rms thermal displacement, apds the Grineisen 500l
constant, which for most materials is between 2 and 3. Using ‘g‘T
the values ofU;, andV shown in Figs. 1 and 2, we find £

; g L =300}
unphysically large values of the effective Grineisen constant ‘ ‘ )
y=150. 1.1 3 15 17

Thus, the volume expansion is too small to account for k (rdu.)

the anomalously large change of the thermal paramétggs

with temperature. Anomalous enhancement of the thermal FIG. 3. Elastic scans along thé,k,0) direction at various
parameters in the Pl phase is usually attributed to the dyemperatures.

namic JT effect?1®It can also result from the presence of

static nanoscale lattice distortions. Irrespective of the exadions are clearly present in tie phase, even though the JT
origin of this anomalous behavior, it reflects the presence oflistortions are not present in the average crystallographic
local imperfectiongstatic or dynamigin the crystal struc- structure. In Sec. lll B, it is shown that the local distortions
ture. We conclude, therefore, that both @@ndR insulating  in this phase are associated with the dynamic JT effect. Fi-
states are inhomogeneous. Importantly, the thermal paranmally, the atomic positions and temperature parameters are
eters continue their anomalous increase ablav&hus, local determined at various temperatures. We use these data to
lattice distortions, most likely dynamic JT polarons, areanalyze the results discussed in the following sections.
present in theR state, even though the Mg@ctahedra are

undistortgq in the average !ong—ranl@estructurg. B. Single crystal experiments
In addition to the isotropic parametets,,, Fig. 2 shows ) ) )
anisotropic temperature parametérs To illustrate the true To investigate the temperature-dependent properties of the

anisotropy of the thermal ellipsoids, the parameteks correlated a_nd un(_:orrela_ted local lattice o_listortions, single
shown in Fig. 2 are calculated on the basis of the major axesrystal elgsuc and !nelastlc neutron scattering measurements
of these ellipsoids. ThudJ; represent the lengths of the Were carried out. Figure 3 shows elastic scans in$hk,0)
major axes. The exact values bf; often depend on the direction taken in all three phases found in
details of the structural refinement, and therefore may bé80.75C& 45505902903 FM (T=200 K), orthorhombic
unreliable. However, they may provide valuable qualitativePparamagnetiqT=300 K), and rhombohedral paramagnetic
information about the character of the thermal motion in the(T=400 K). A broad peak ak~1.5 atT=300 K is attributed
system. Specifically, the data of Fig. 2 show that the apicato polaronic correlationd? In agreement with a recent x-ray
oxygens @1) exhibit conventional isotropic thermal dis- diffraction study'® we observe this peak only in the ortho-
placements at low temperature in the FM state. Howeverthombic phase. Foif >T, additional scattering intensity
these displacements quickly become very anisotropic in theéentered ak=1 (reducedq=0) and extending over most of
Pl state. The inset in Fig. 2 shows that the largest thermahe Brillouin zone is observed. This scattering is convention-
displacements of (1) at T=340 K occur along thé ortho-  ally attributed to scattering from uncorrelated polaronic dis-
rhombic direction. It also shows that the smallest displacetortions described as Jahn-Teller polaréns.
ments of the @2) in-plane atoms are approximately collinear ~ To characterize temperature-dependent dynamic proper-
with the Mn—O bonds. These data suggest that the JT pdies of the local lattice distortions, we have carried out fixed-
larons are accommodated in the crystal lattice via tilts of theénergyd scans in the vicinity ofg=(4,0.5,0, and energy
MnOs octahedra in which the apical oxygens shift in thescans at the fixed scattering vectpr(4,0.45,0 using fixed
direction bisecting the MRO—Mn angle. Interestingly, the final energyE;=14.8 meV. These parameters were chosen to
large JT distortions of the Mngoctahedra characteristic of maximize the experimental resolution and signal intensity.
the static orbital order found in the half-doped manganited)nfortunately, elastiq scans were unobtainable at this con-
are also accommodated via staggered tilts in the saméguration because of instrumental limitations.
direction® Combined together, these observations indicate We first address the dynamic properties of the correlated
that the most energetically favorable way to accommodate kttice distortions. Figure 4 shows scans in thek, 0) direc-
polaron in the perovskite structure of a CMR manganite igdion taken at various energy transfésThe peak due to the
via the tilt of the MnQ octahedron in the cubil10) direc-  correlated distortions is clearly observed in 20.5 meV
tion. Finally, we note that strong anisotropy of the oxygenscan. This scan contains a significant elastic contribytioa
thermal motions is also found in tHe phase. At this stage, instrumental energy half width for elastic scattering is ap-
we do not present any simple model describing thermal disproximately 0.75 meY. The data of Fig. 4 were fitted to a
placements in this phase. sum of a Gaussian line shape and a monotonically sloping
In summary, the above results show that the paramagnetiegackground, the latter described by a power-law function.
state exhibits significant local distortiogstatic or dynamiz ~ The width and the position of the peak were determined at
of the crystal lattice. This is in agreement with previously E=0.5 meV and then kept fixed for higher energies. The
reported measurement8'® Interestingly, the local distor- inset in Fig. 4 shows the intensity of the correlated peak
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Fig. 4 overestimates the value bf. Leaving the specula-
tions aside, our measurements set an upper limitlfoat

1.1 meV. Thus the structural correlations, while not com-
pletely static, exhibit the characteristic lifetimg=%/T"; ex-
ceeding 600 fs. We note that in bilayered manganites, the
corresponding lifetime was found to be 1 order of magnitude
smallert” The correlated regions, therefore, fluctuate quite
slowly in our sample.

Figure 5 shows energy scans at several representative
temperatures aj=(4,0.45,0. At this g, a significant signal
from the correlated distortions is observsée Fig. 4, while
no background due to possiblé2 contamination is present.
Also, because of the proximity of a strong Bragg peak
(4,0,0, a significant signal due to the uncorrelated distortions
should be present at thig For T<T,, the scans of Fig. 5
show only an elastic peak &=0, and a resolution-limited
transverse acousti€TA) phonon peak aE=8 meV. This
scattering pattern changes dramatically as temperature is
increased aboveé.. First, a broad quasielastic scattering sig-
nal appears. Second, the TA phonon peak broadens, indicat-

=300 K. For clarity, theE=0.5 and 1.5 meV scans are displaced ing that the phonons are damped. To analyze these data, one
vertically by 400 counts, and tHe=2.5 meV scan—by 200 counts. therefore should consider contributions from truly elastic
The inset shows the intensity of the peak due to the structural corscattering, from the TA phonon, and two quasielastic contri-
relations versus energy. The solid lines are the results of fits, aputions: one from the correlated distortions with,
described in the text. The horizontal bar in the inset shows the-1 meV, and the second from the broad peak appearing for
experimental energy resolution.

T>T.. Fits containing all these contributions did not con-
verge well. Instead, we fitted the data to a sum of a nearly

extracted from these fits at various energy transfers. The dai@astic peak whose Lorentzian width was refined in the fits, a
shown in the inset were fitted to a Lorentzian peak shapgroad Lorentzian quasielastic peak, and a TA phonon peak.
convoluted with the experimental resolution. The solidThe fits were convoluted with the instrumental resolution.
line in the inset shows the result of this fit. The ObtalnedThe obtained fits are shown as solid lines in F|g 5. In this

intrinsic Lorentzian width for the correlated scattering is procedure, the correlated scattering is effectively included in

I';=0.9+£0.15 meV. This fit gives th&=0 intensity that is
only 10% larger than that foE=0.5 meV. On the other

the nearly elastic peak, as shown below. Importantly, the
temperature-dependent properties of the broad quasielastic

hand, the inelastic scans shown in Fig. 5 indicate that thgeature are not affected significantly by the choice of the
intensity forE=0 is typically about 30—-40% larger than that fitting algorithm at low energies. This feature is the main
for E=0.5 meV. One can, therefore, speculate that the fit oEypject of interest below, and therefore the adopted fitting

q=(4 0.45 0)
2000 - . .
1500
z
€ 5
51000 [
=
k7]
s
£
500
T=30 K
0 1 1
0 5 10 15

E (meV)

procedure is adequate for the purposes of this paper.

The Lorentzian width of the broad quasielastic feature
determined from the data of Fig. 51%=5.5+0.5 meV. The
energy-integrated intensity of this feature is shown in Fig.
6(a). The quasielastic scattering is present only Toe T..
Importantly, it does not exhibit any appreciable anomaly at
Ts. Energy-integrating x-ray experiments, on the other hand,
show that the structural correlations abruptly disappear at the
O-R transition!® Thus, the quasielastic intensity shown in
Fig. 6(@ does not contain any significant contribution from
the structural correlations. We therefore conclude that this
intensity originates from the uncorrelated structural distor-
tions.

The temperature dependence of the nearly elastic inte-
grated intensity is shown in Fig(l). The Lorentzian width
of this feature was found to bE<0.1 meV forT<T; and
T>T, andl’'~0.2—-0.3 meV forT,<T<T, This intensity
contains contributions from the correlated lattice distortions,
temperature-dependent incoherent scattering, as well as a

FIG. 5. Energy scans a@j=(4,0.45,0 at various temperatures. POssible contribution due to static uncorrelated polarons.
The scans are displaced vertically by 400 counts with respect td his temperature dependence exhibits a certain resemblance
each other for clarity. The solid lines are the results of fits, asto the temperature-dependent x-ray intensity of the correlated

described in the text.

peak shown in Fig. @). In particular, the nearly elastic in-
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T (K) The above measurements indicate that dynamic single po-

larons are the dominant component of the local lattice distor-
FIG. 6. Temperature dependence of the energy-integrated intefiion in the paramagnetic state in our sample. We cannot ex-

sity of (a) the quasielastic scattering due to the uncorrelated poclude that some of the uncorrelated polarons are static, but a
larons (I',=5.5 meV} and (b) the nearly elastic scattering with ~ comparison of the raw integrated intensities of the elastic and
<1 meV atq=(4,0.45,0, extracted from the data of Fig. 5 as inelastic scatteringFig. 6) shows that the large majority of
described in the texic) shows temperature dependence of the in-the uncorrelated polarons are dynamic. The characteristic
tensity of the x-ray peak due to the correlated lattice distortions, andifetime of the polaronic distortions is~#/T" ;=120 fs.
(d) shows the electrical resistivity of the sample. The data shown irBoth theO and R paramagnetic phases exhibit the uncorre-
(c) and(d) are taken from Ref. 10. lated lattice distortions, and no significant anomaly in the

quasielastic scattering is observedTat The dynamic po-

larons are absent in the FM phase.
tensity in theR phase is smaller than that in tRestate. Such The physical properties showing anomalous behavior in
a drop in intensity cannot be caused by variation in the inhoth theO and R paramagnetic states should, therefore, be
coherent scattering. Indeed, using the Debye—Waller factorgssociated with the effects of the dynamic uncorrelated po-
determined in our powder diffraction measurements, wearons. First, these are the anomalously large Debye—Waller
find'® that the incoherent scattering changes linearly withfactors. The second anomalous effect observed only in the
temperature, decreasing by less than 10% as the temperatyjgramagnetic state is damping of the acoustic phonons that
increases from 300 to 400 K. However, while a certain meaacquire a finite lifetime offi/I'tp~300-400 fs forT>T,
surable contribution of the correlated scattering appears to h@ee Fig. 7. Because acoustic phonons provide a major con-
present in the data of Fig(I), the nearly elastic component tribution to the thermal conductivity in manganif®s, this
is clearly dominated by the background effects. Neverthedamping may be an important factor leading to its strong
less, the data of Fig.(B) can be used to make an estimate of reduction in the paramagnetic ph&$&Ve note that an even
the upper limit for the integrated intensity due to the corre-more dramatic damping of the optical Jahn—Teller phonon
lated distortions by measuring the difference between thénodes in related manganite compounds has been
intensities in théd andR phases. The combined data of Figs. reportedt’22 All these effects are, of course, natural conse-
6(a) and Gb) clearly show that the integrated intensity due to quences of the presence of local inhomogeneities in the crys-
the dynamic uncorrelated distortions exceeds this upper limial lattice. In fact, phonon anomalies similar to those found
by at least a factor of 5. The uncorrelated dynamic polarongn the manganites have been seen in several other systems
are, therefore, the dominant component of the local latticexhibiting nanoscale inhomogeneities. In perovskite ferro-
distortion forT>T.. electric relaxorg? for example, anomalous phonon spectrum

Finally, we show the intrinsic widtli't, and the energy of and phonon damping effects have been explained by the

the TA phonon a=(4,0.45,0 in Fig. 7. The phonon ac- presence of nanoscale lattice inhomogeneities described as
quires finite lifetime forT>T,.. As discussed below, this is “polarized nanoscale region$*’
the result of the presence of the structural inhomogeneities in Another anomalous property of our sample is a very sig-
the paramagnetic phase. nificant dependence of the TA phonon energy on temperature
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in both the ferromagnetic and the paramagnetic phésess La67(Ca 1, 81,16, MO, Rag A9,Mn0,
Fig. 7). It is unclear whether this effect can be associated | puamsgnetic |\ i

with the local structural inhomogeneities. Indeed, the tem- | (erthoriombicy
perature dependence of the phonon energy does not exhibi | sorelaed local
any significant anomaly af;, at which both the correlated £ :
and uncorrelated local lattice distortions appear. At thisg T, | T,
stage, we can only note that the observed phonon softening ’
cannot be explained by the conventional effects of lattice ;
unharmonicity. Thermal expansion of a crystalline lattice | T,
does give rise to a shift in the phonon frequentyy) E @ ®
=-3yew(q), wherey is the Griineisen constarn,s the lin- o y oo tolerance factor 0
ear expansivity, ana(q) is the phonon frequend§. How-

ever, using the data of Figs. 1 and 7, we obtain unphysicallyte
large values for the Qrune|sen constant 20. The origin of _ the approximate position of our sample in this diagram dod

the observed softening of the TA phonon, therefore, remaingeneral temperature vs tolerance factor phase diagram; phases are

to be clarified. _ S described as proposed in the text.
We now discuss the correlated lattice distortions. Com-

pared with the uncorrelated polarons, these distortions fluadiagram of this compound fam#§for x~ 0.3 is sketched in
tuate very slowly. Indeed, their characteristic lifetimeis  Fig. §a). As y increases from 0 to 1, the average structure
larger than 600 fs, thus exceeding the lifetime of the uncorehanges from the orthorhombic to rhombohedral in a first-
related polarons by more than a factor of 5. As the x-ray datarder transition ay~0.5. The paramagnetic state is insulat-
of Fig. 6(c) show, the correlated distortions are present onlying (semiconductingin the O phase, while it is metallic on
in the O phase. The increased electrical resistiyityf theO  theR side of the phase bounda&§Recent x-ray datd show
phase[Fig. 6(d)] should therefore be associated with thethat the correlated distortions are present only inGhstate.
presence of the correlated distortions. Indeed, the uncorrérhus, the insulator-metal transition that the paramagnetic
lated polarons do not show any anomalyTatand the dif- phase undergoes with increasings associated with the de-
ferences between the average structures of @hand R struction of the correlated lattice distortions. These data,
phases are too small to explain the observed changpsbf combined with our characterization of the uncorrelated dis-
Ts. To provide a quantitative estimate of the possible effectsortions and the structural changesTgtstrongly suggest that
of the structural change on the electrical resistivity, we notdt is the presence of the correlated lattice distortions that
that the electronic bandwidth in manganites is proportionatenders the paramagnetic phase insulating.
to cosw/d*5 where w=(7-(Mn-O-Mn))/2, d is the Further experiments are needed to establish whether these
Mn-O bond length, and(Mn-O-Mn) is the Mn-O-Mn results can be generalized to all the perovskite manganites.
angle!® Using the structural data obtained in our powderThere is sufficient evidence in hand to warrant a proposal for
diffraction measurements, we find that the difference in théhe microscopic mechanism explaining the observed varia-
bandwidths of theR and O phases due to their structural tion of the properties of the paramagnetic phase in optimally
differences is smaller than 0.3%. While this argument is nogdoped(x~ 0.3) manganites. In Fig.(®), a sketch of the gen-
strict in the case of the nonmetallic paramagnetic state, ieral phase diagram ok~ 0.3 perovskite manganites is
does show that the structural changes that take plade at shown?’26 As the tolerance factor (defined as t
have a negligible effect on the overall electronic band struc=d,,-o/ V2dy-o0) increases, the system undergoes a struc-
ture. In principle, it should also be possible to make a nu4ural transition from the orthorhombic to the rhombohedral
merical estimate for the effects of the structural correlationghase. Extensive measurements of bulk propéttiedicate
on the electrical resistivit$? Such estimates require, how- that electron-lattice coupling effects play a much more
ever, knowledge of the exact structure of the correlated resignificant role on the orthorhombic side of the phase
gions and their concentration, which are unknown at thigdiagram. A large number of anomalous properties, such
stage. as large volume and magnetic entropy changesTat
Summing up, it is the presence of the correlated latticehigh magnetostriction, and the largest values of magnetore-
distortions that distinguishes th® and R paramagnetic sistance(CMR) are observed in the orthorhombic phase.
phases in our sample on the microscopic |é&Vhile both  These anomalies are absent or strongly reduced in the
the uncorrelated and the correlated distortions should corthombohedral stat€. Correlated lattice distortions have
tribute to the increased electrical resistivity of the paramagbeen found in a large number of orthorhombic perovskite
netic state, the larger resistivity of th@ phase stems from manganites with different compositioh8No significant lat-
the presence of the correlated distortions. This is the centrdice correlations have been reported thus far in the rhombo-
result of our work. hedral statd® These observations cover a significant
To understand the significance of this result, we considepart of the phase diagram of Fig(8, from the narrow-
the relationship between the average lattice symmetry anblandwidth Pg-Cay ;MnO; (t=0.905 to the large-bandwidth
bulk properties of the “optimally doped” CMR manganites Lag 7Sty MnO3 (t=0.93. In addition, combined results of
(x~0.3). Our sample has composition Ref. 10 and this work clearly show that it is the correlated
Lay (Ca_,SK),MnO; with x=0.25 andy=0.55. The phase distortions, and not single polarons, that distinguish fhe

Insulator
(orthort bic)

! metal
(thombohedral)

correlated local
distortions

Temperature

FIG. 8. Schematic phase diagrams of optimally doped mangan-
S (@) Lag ACay,Sr)oMNnO; system; the dashed line indicates
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andO states on the microscopic level in a sample undergoinget to be developed. Thus, while a clear connection between
the O-R transition in the paramagnetic phase. We believethe nanoscale structural inhomogeneities and the bulk prop-
that these observations allow us to propose that the observeglties in manganites has now been established, further work
drastic differences between the properties of the paramags needed to determine the nature of these inhomogeneities
neticO andR states in hole-doped manganites stem from theand the physical mechanism of their formation.
presence of the correlated lattice distortions in @hehase.

If this proposal is valid, the question arises: does the pres-
ence of the correlated lattice distortions distinguish the me- V. CONCLUSIONS
tallic and the insulating paramagnetic states in manganites?
Indeed, forx~0.3, theR phase is usually described as a

metal, while theO phase is considered an insulatdfhese erﬁ_sults can be summarized as follovis. Both the ortho-

conclusions are made on the basis of the temperature dep : ;
dence of the electrical resistivity. We note that in our sample/ombic(O) and the rhombohedréR) paramagnetic phases

the resistivity exhibits an insulator-like behavior, decreasingexhibit dynamic single polarons. The polarons strongly affect
with increasing temperature in both teand theR phases the dynamics of the crystal lattice, as evidenced by the
[see Fig. 6d)]. One possible explanation for this behavior is @anomalous Debye-Waller factors and damped acoustic
that the doping level in our sampbes0.25, is lower than the phonons in the paramagnetic phase. The damping of the
optimal level. In addition, the temperature dependence of th@coustic modes may be responsible for the reduced thermal
resistivity at high temperatures may not be a good indicatogonductivity characteristic of this phage) Nanoscale struc-
of whether the state can be considered metallic or not. Ifural correlations fluctuate much more slowly than the uncor-
fact, it may not even be possible to clearly distinguish a badelated polarons. In agreement with previous x-ray diffrac-
metal from a bad insulator based only on the high-tion measurement$, the correlations are observed only in
temperature data. A Mott insulator, for example, shows ghe orthorhombic phase. Thus, it is the presence of the struc-
continuous crossover from bad metal to bad insulator wittural correlations that distinguishes tlephase from theR
decreasing bandwidth at high temperat#8hus, the sce- phase on the microscopic levgiii) Single polarons do not
nario in which the structuraD-R transition in the paramag- show any sharp anomaly at ti@-to-R transition, and the
netic state is associated with an insulator-metal transitionstructural changes at this transition are not large enough to
and in which the metal is distinguished from the insulator byaffect the electrical properties significantly. Thus, the in-
the absence of the correlated distortions, clearly deserves fugreased electrical resistivity of th@ phase should be attrib-
ther investigation. uted to the presence of the correlated lattice distortiGng.
Finally, we note that there are a number of basic questionBased on these results, as well as on previously published
about the role of nanoscale inhomogeneities in manganitegork, we propose that the insulating character of the ortho-
that still remain to be answered. First, the structure of thehombic paramagnetic phase in CMR manganites stems from
correlated regions is still unknowf.Second, it is unclear the presence of the correlated lattice distortions.
why the correlations are observed only in tBestate. A
possible expl_anation will likely invoke the effects of the fa- ACKNOWLEDGMENTS
vorable elastic response of tistructure to the long-range
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